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A magnet always attracts a ferro-magnetic
material. This is a common experience. The force
of attraction increases as the distance between the
magnet and the magnetic material is reduced - and
it decreases as the separation is increased. The
stable levitation of a steel ball by a magnetic
field, therefore, becomes a control problem.
Consider a steel ball being levitated.
There are two forces acting on it: one is its weight
and the other is the magnetic force (force of attrac-
tion by the magnet). The former can be assumed to
be a constant-acting force, while the latter is a
function of the distance between the ball and the
magnet and also the square of the coil current. It
would seem that if along the vertical axis of the
magnet and within its magnetic field a position is
found where the gravitational force balances out the
magnetic force, an equilibrium position can be said
to be obtained. It might also be expected that if
the ball is placed exactly at this position, the
X
ball would just float there. Without feedback this
ball is unable to float there - the ball falls to
the ground as soon as it is released. This equi-
librium position is clearly UNSTABLE. In order to
achieve the desired stability, it is required that
the coil current (and therefore, the force of at-
traction) be adjustable in the face of the changing
separation between the magnet and the ball. One
method of doing this is to use an optical sensing
unit to closely monitor the ball position and,
through an appropriate feedback network, to relay
the ball position information to the amplifier
feeding the coil so that the coil current can be
adjusted. In this way the ball is prevented from
moving very far from the desired equilibrium posi-
tion
.
The suspension of a magnetic mass by a mag
netic field finds application in such areas as:
(a) In wind tunnel tests where it is required to
eliminate the problem of support interferences
from the drag and lift measurements (10).
(b) In gyroscopes and accelerometers used in the
guidance systems of airplanes, submarines,
XI
missiles, and space vehicles (4).
(c) Current literature indicates that the West German
Government is currently sponsoring the develop-
ment of a magnetic suspension system for high
speed trains (lEEE SPECTRUM MARCH 1980 p. 63).
The objective in each of these areas is two-fold:
The first is to sustain the weight of the mass be-
ing suspended. The second is to insure that the
suspended mass is prevented from rubbing on its me-
chanical bearings as the vehicle executes a motion
that may involve high acceleration, vibration and
shock.
This work is organized into six chapters.
The first chapter is on the design of the coil.
Chapter Two deals with the modeling of the plant.
Linearization technique is used and the plant trans-
fer function is obtained. The third chapter treats
the design and implementation of the optical sens-
ing unit. The design and realization of the compen-
sator, the subtractor and the pre-amplifier are all
contained in the fourth chapter. Chapter Five deals
with the measurements on the compensator, examines
the Bode plots of the compensator. A computer simula-
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tion of this real system is also discussed. Experi-
mental results are used to estimate the following
quantities: the amplitude of oscillation of the coil
current; the amplitude of oscillation of the net force
on levitated ball; the frequency of oscillation of the
ball; and the amplitude of oscillation of the levitated
ball.
The central issue in this piece of work is
the stabilization of an unstable plant using a propor-
tional plus derivative feedback control as provided by
the analog controller.






One of the important ingredients required for
the levitation is a magnetic field. The magnetic field
is to be provided by an electro-magnet. And to have an
electro-magnet, a coil has to be designed and wound.
The following sections give an account of the
steps used in the design and winding of the coil.
1.2 THE COIL: DESIGN AND CONSTRUCTION
After looking into standard wire gauge tables
(8) and considering
i) availability of wire in the store
ii) value of current to melt wire
iii) the diameter of the wire,
the copper wire a.w.g 20 was selected as the coil wire.
This has a diameter of 0.0319" and a space factor of
0.73. The current to melt this wire - worst case condi
tion - (6) is given by the equation
where K = 10,244, d = diameter of wire
This gives a value of 58*365 Amps.
1
3 / 2
I = Kd 7 1-1
2
A steel rod former of diameter 3/16 inches is chosen for
the coil and a sleeve of non-conducting material is put
over the rod. From a book on coils and magnet wire (8)
we have
Number of turns,
The idea used here was to assume different coil-wall
cross-sectional areas and then to compute the number of
turns. In the end a judicious choice is made out of the
various options computed.
CASE (A): For a 2-square-inch coil wall cross-section
CASE (B): For a 3-square-inch wall cross-section
CASE (C): For a 4-square inch wall cross-section
CASE (D): For a 5-square-inch cross-section
N = space factor x COIL WALL CROSS-SECTION AREA




N 2 = 0.7 3 x 2 /tt
~1827
.
N 3 = 2740






CASE (E): For a 6-square-inch cross-section
The weight of copper used is directly pro-
portional to the number of turns . The resistance
of the coil also increases with increase in turns. Now
.
2
if the resistance is large,then the i R loss m the
wire for a given current, i, is large. Therefore, there
is a greater power dissipation by the resistance in pro-
ducing a given magnetizing force.
Considering that the magnetizing force is pro-
portional to the number of turns, the value = 1827
is considered adequate. This coil as wound has a re-
sistance of 10.3 ohms and an inductance of 90 mH. A
series resistance of about 10.5 ohms is connected to the
coil to enable the current waveform through the coil to
be measured.




MODELING OF THE PLANT
2.1 WHY MODEL?
A complex or fairly complex system can be de-
composed into simple units. The variables of the units
can be identified and the relation between variables
for each unit and relations between the variables when
the units are connected together can be written. These
differential relations describing the behavior of the
units are called differential equations. These equations
can often be reduced into a single equation and its so-
lution worked out. The solution enables a forecast to
be made on how a real system will work. The differential
equation(s) may thus be called the MODEL of the system.
That the modeling process is an important part of a
control problem cannot, therefore, be over-emphasized.
This is true because a problem that is well formulated
(modeled) is half-solved. It can therefore be said
that the modeling process aims at obtaining a simple
mathematical description that can adequately predict
the response of the physical system for various inputs.
4
5
In this chapter, we shall define our parameters,
state our conventions, and then delve into the modeling
of the real PLANT by modeling each unit individually.
2.2 DEFINITION OF QUANTITIES; DIRECTION CONVENTION
Let
F(x,i) = magnetic force of attraction
i = current in coil
x = distance of ball from magnet
m = mass of ball
L(x) = inductance of coil
R = resistance of coil
Xq,lq = equilibrium quantities of
distances and current
= perturbation quantities of
distance and current
The convention adopted is that all forces acting upward
and distances measured upward are negative. Downward
direction is positive.
2.3 DETERMINATION OF COIL PARAMETERS
In this section the relationship of the at-
tractive force, F, with both the coil current and
6
position of the ball from the magnet is determined.
Let the inductance of the coil be given by
the equation
(2.1)
where L , L,, b are constants,
o 1
The coenergy, E' is given by the relationship
(2.2)




At this point, the idea is to measure the
quantities F , i, and x. This is done as follows: For
a given current, i, in the coil, a point is found along
the vertical axis of the coil where the ball is JUST
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about to be attracted to the magnet. This represents a
point where equals the weight of the ball. Since the
weight of the ball is known, is known. A set of
readings of F , i, x is contained in Table 2.1 below.
Fig. 2.1 BALL (with Forces Shown) AND COIL
TABLE 2.1
S/N x (m) i (A)
2
F/i
1 0.011 0.72 136 x 10~
3
2 0.012 0.83 140 x 10"
3
3 0.013 0.92 114 x 10"
3
4 0.014 1.03 91.1 x 10"
3
5 0.015 1.13 75.7 x 10”
3
6 0.016 1.23 63.9 x 10~
3
7 0.017 1.42 49.9 x 10'
3
3 0.019 1.61 37.3 x 10"
3
9 0.020 1.82 29.2 x 10“
3




Using the curve-fitting program of HP2S Calculator
Application and Programs, the following constants are
obtained for the measured data in Table 2.1
2
r is the correlation coefficient. Thus correlation is
good. Hence, it is determined that
F
For various values of x, e is recomputed according to
~~T~
i
(2.4) and plotted against the various values of x. Fig












r = 1.0 , where
-1 99x











+ L [HENRYS] (2.5)
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Here, represents the value of the inductance of the
coil at (x = °°) , a position where the ball is at an in-




Equation (2.6) represents the relationship between the
inductance of the coil and the ball position as measured
from the magnet.
2.5 LINEARIZATION
At this point it is evident that the relation-
ship depicted by equations (2.4) and (2.6) above are
nonlinear. In numerous nonlinear situations, the non-
linear equations can be linearized by limiting attention
to small perturbations around an equilibrium point.
This results in an added simplicity in analysis. The
linearization also yields useful information about the
original nonlinear system. For example, if the linearized
_
-IQQv
L (x) = 15.47 x 10 e + 0.09 (2.6)
-IQQy -3
L(x) =L e +L, where L = 15.47 x 10
o 1 o
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equations are unstable, then the nonlinear equilibrium
point is also unstable. Similarly, if the linearized
equations are asymptotically stable (no ju> axis roots)
then the nonlinear equilibrium point is stable. But
the linearization yields no conclusive information about
the nonlinear system if the linearized equations have
jco-axis roots]-
Equation (2.4) can be rewritten in the fol-
lowing form:
Linearizing this equation about an equilibrium position
xo and current Io using Taylor series, we have
Here, x',i' are incremental (perturbation)
quantities, F' is the linearized F. The equilibrium








































Dr. R.H. Flakes' EE37O class notes, 1978.
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In 2.7 the distance X is in centimeters.
o
The weight of the ball equals the force at
the equilibrium point so that the second quantity in
equation (2.7) can be recognized as (Mg), the weight of
the ball. The resultant force on the ball then is
Taking the Laplace transform of equation (2.8), we have
where X"(s) is 3>\x'{ t) ] - Laplace Transform of x"(t)
and I
"
(s) isj2?[i"(t)] - Laplace Transform of i
"
(t).
The transfer function of the ball then is






Mx" =K X" - K . i" (2.8)
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* °I 0 = 156.9 x 10
l u


















The block diagram for the linearized model of
the ball dynamics is shown in Fig. 2.3 below:
Fig. 2.3: THE LINEARIZED MODEL OF BALL
2.6 THE COIL
Fig. 2.4: SCHEMATIC DIAGRAM OF THE COIL
Take the quantity inside the square bracket. Linearizing
around the equilibrium position and current gives
v = iR + L (x) . i
| L (x) *ij = L (x Q ) IQ+ L (x) ix " +-7T L(x)i i'





Il(x) ij "=L(x)lq+ 9x |L (x) *i] x " + ” [L(x)i i'
i=lo ,I=lo
|L(x)i|" represents the linearized quantity





Hence, v = iR + -~r L(x )I -1.99 L e * 9 9x° Iq x '+L (Xq )i "
dt|_ o o o _
V = iR - §| + L (Xq ) -fi
v =V
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Taking the Laplace transform of equation (2.9) we get
_] QQy
V (s) = I (s)R - 1.99L
0
e o sX"(s) + L(x
0
)sl"(s)




R+sL (x G ) 'R+ sL (x Q )
The linearized coil-ball MODEL (PLANT) is shown in
Figure 2.5
Fig. 2.5 LINEARIZED DYNAMIC BALL-COIL MODEL (PLANT)
Using values
By Block-diagram reduction, Fig. 2.5 can be simplified
to Fig. 2.6*
Fig. 2.6: REDUCED FORM OF Fig. 2.5
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L(x ) = L (x) = 15.47x10!
3 e“ 1# " (1,6) + 0.09
o x=x
o
= 90.64 x 10‘
3





(Ms -K ) (R+sL(x )+K.5(1.568x10 1
••
x ■ o 1-
Taking into account the amplifier gain, the complete
transfer function of the plant is
The expanded form of the denominator is
Using values
writing it in the factored form
The Plant is clearly unstable because of the pole in
the right half s plane. See Root Locus plot Fig.
16
-K-K.
G (s) =--3 ri— (3.1)






R-K sL(x )-K R+K.5(1.568x10
3
)
o x o x 1
M = 10 x 10~
3
Kg
L(xo) = 90.64 x 10
3
R = 20.3 ohms






G (s) = o 2
s + 223.96 s -1919.735-430008.83
-173-10 K
G (s) = (3.16)
(s+ 43-817) (s-43-818) (5+223-9610)
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5.3.1 of Chapter Five or Fig. 4.3.
CHAPTER THREE
THE OPTICAL SENSING SYSTEM
3.1 INTRODUCTION
The block diagram of the entire system in
this project is shown in Fig. 3.1 below:1
Fig. 3.1: BLOCK DIAGRAM OF THE OVERALL SYSTEM
The optical sensing UNIT comprises three sub-units
namely - the DETECTOR, the ENCODER and the DIGITAL-
TO-ANALOG-CONVERTER (D-A-C). The function of this UNIT
is three-fold:
(1) to provide information, at any time
the system is operational, about the
ball.
(2) since the information in (1) is digital,
18
to encode this information and
(3) to convert this encoded information into
an analog signal.
As the ball (acted upon by the magnetic force and
its own weight) cuts through the beam of light di-
rected at the photo-transistors, some of the photo
transistors come under the shadow of the ball at one
time. At other times the transistors receive full
light. These transistors are therefore put in the
non-conducting ("OFF") or in the conducting ("ON")
states, respectively. At the output of the detec-
tor, we have different arrays of "l's" and "o's"
corresponding to the different ball positions.
These arrays of "l's" and "o's" - digital
messages are picked up by the encoder and passed on
to the DAC which then outputs voltages proportional
to the ball position. These voltages are then com-
pared with a reference voltage and the error is fed
into the compensator metwork.
In the following sections, the realizations




Photo-transistors are light-sensitive di-
odes. When light falls on the photo "eye" (base) ,
the transistor goes into a conducting state. When
the light source is cut off, it goes into a non-
conducting state. An examination of Fig. 3.2 which
shows the schematic diagram of a photo-transistor
with a Schmitt trigger at its output, shows that
the output line is high when it is conducting and
low when it is not (Negative logic!).
Fig. 3.2: SCHEMATIC DIAGRAM OF A PHOTO-TRANSISTOR
This then is our basic building block. It then be-
comes possible to tell which transistors are covered
and which are not, and thus, the ball position.
An array of twenty-four photo-transistors
(type 2N5777) connected in a common emitter config-
uration has been used in this work. A small pro-
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tective collector resistance, R is added. For
P
purposes of maximizing the light reception and im-
proving the resolution, the following constructional
procedures have been adopted. A piece of plexiglas
about 6" by 1 1/2" has twenty-four holes (each wide
enough to house one transistor) drilled on its side.
These holes are horizontal and run from the right
side to the left. Another set of smaller holes -
this time vertical holes - are drilled near the edge
to meet the set of horizontal holes. The transistors
are slid into the horizontal holes in such a way
that the "eye" of the transistors are clearly visi-
ble through the vertical holes. Eight strands of
optical fibre are placed side by side flat on a
small rectangular piece of photographic film nega-
tive, glued and scotch-taped. This is at one end of
the fibers. The other end is scotch-taped cylind-
rically and using super glue is fixed to the "eye"
of the transistor, the rest of the fibres hanging
out through the vertical holes. Fig. 3.3 shows in
pictorial form, the description above. The rectang-
ular flat ends are then stacked with glue one layer
on top of another to form about 3cm layer of fibers.
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This layer is what is directed at the light source.
And between this light source and the layer of fibres
is the ball.
Fig. 3.3 PLASTIC GLASS ARRANGEMENT
As a visual aid to ease identification
of the status of each transistor, LEDS have been
inserted at the outputs. This is to say that LEDS
are used in this case as status or logic indicators.
Figure 3.4 below shows the working circuit of the
detector used in this work.
23
Fig. 3.4 THE DETECTOR CIRCUIT
24
Three distinct positions of the ball deserve special
mention here:
(a) The ball is just entering the array
from up.
(b) The ball is in the middle.
(c) The ball is just at the bottom.
CASE (a) The circuit detects a "0-1" where the
zero is given by the nearer transistor. Suppose
transistor #1 is covered, only X
q
is active high,
others are low. When the first two are covered, X'
o
and are high. A partial circuitry for this case
is shown in Fig. 3.5 below:
Fig. 3.5: PARTIAL CIRCUITRY FOR CASE (a)
CASE(b) Two pairs of binary numbers ”1-0" and "0-1"
are detected. The partial circuitry is shown in
Fig. 3.6 below:
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Fig. 3.6: PARTIAL CIRCUITRY CASE (b)
CASE (c) In this case a "1-0" pair, where "1" is
for the nearer photo transistor is detected. The
partial circuitry follows in Fig. 3.7 below:
Fig. 3.7: PARTIAL CIRCUITRY CASES (c)
As can be seen in Fig. 3.4, there are a
total of thirty-seven (37) lines at the output of
the detector circuit.
3.3 THE ENCODER: PIN ASSIGNMENTS
An encoder has a number of inputs, only one
of which is active high and an N-bit code is gener-
26
ated, depending upon which of the inputs is excited.
Because of this fact, it becomes necessary to decide
which of the thirty-seven lines goes into which in-
put of the encoder. To do this, the following mea-
surements on the detector were made. The arrays
and the corresponding positions are recorded. And
using the distances, the differences between suc-
cessive readings are noted. The smallest differ-
ence is taken and the lines are assigned in the
manner shown in Table 3.1.
In designing the encoder, use has been made
of some 8 line-to-3-line priority encoders (SN 74148)
in the manner suggested in the TYPICAL APPLICATIONS
DATA^. Figure 3.8 shows an expansion of the scheme
to obtain the desired six-bits.
In this implementation, negative logic is
used. First two 8-line-to-3-line priority encoders
are combined to produce four bits, then four are
combined and eventually eight are combined to get
the bits labelled
/ Dg . For and D,_ ref-
-2
erence is made to the function table for SN 74148.
1 The TTL DATA BOOK for Design Engineers, Texas In-
struments
, Inc., 2nd Ed., p. 7-156, 1976.
2 Ibid, p. 7-151.
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From this table it can be said that GS is low when-
ever any of its inputs is low. The region in which
the ball is can therefore be detected by seeing
which of the chip Gs is low. Chip #1 has Gs low if
any of the lines W
q
is low. Chip #2, if any of
the lines W
Q
-W is low; #3 if any of the lines
from is low, etc. Noting that the 37 lines
lb 2 3
to be encoded are mutually exclusive, the equation
for D., the fifth bit is
4
The most significant bit has the equation
is Low whenever any of the lines from W -W-. are
5 0 31
low.
D 4 = (GS I *GS2)•(GSS-GS6) or {GS ± *GS2)+(GSS•GS6)
D 5 = (GSI-GS2) (GS3-GS4)
TABLE 3.1
*Pins outside available # of Pins
In set up ( NOT AVAILABLE)
28
BALL MOVING AWAY FROM MAGNE T BALL TOWARDS MAGNET
LINE DISTANCE DIFFERENCE ENCODER DISTANCE DIFFERENCE
INPUT PIN
ASSIGNMENT
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Fig. 3.8 FULL 6-BIT BINARY 64-line-to-6-line
ENCODING IMPLEMENTATION
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3.4 THE DIGITAL-TO-ANALOG CONVERTER (DAG)
At the output of the encoder we have digi-
tal information. What is required out of this is a
voltage which will be proportional to the ball po-
sition. This is analog. Communication between the
digital and analog worlds requires devices that can
translate the digital into analog language. The
need for a DAC therefore arises. This unit picks
up digital messages and translates them into analog.
Put in another way, the DAC produces an analog out-
put proportional to a digital number from the en-
coder output. Figure 3.9 below shows the working




The CD 4053 represents analog switches.
This diagram uses an R-2R Ladder network.
There are two resistors per bit. The accuracy of
this ladder network depends on this ratio of the
resistances. The ladder is a precision current
splitting device. Readings taken at the output
of the DAC for various digital numbers (simulated
by using the 5V or 0V lines) are shown in Table 3.2
This table is for the case when the DAC is not
hooked up yet to the rest of the system. These re-
sults indicate proportionality in the DAC outputs -
a desired result.
3.5: TESTING THE OPTICAL UNIT
Measurements are made of the ball position
and the output voltage of the sensor. Table 3.3 is
a record of the measurements. The plot of the out-
put voltage and the ball position is shown in Fig.
3.10. This figure shows some hysteresis present
and more nonlinearities. Generally, the behavior
is good.
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TABLE 3.2 (NEGATIVE LOGIC USED)
BINARY DECIMAL >4o> ?AGE
MS LS
1 1 1 1 0 1 0..31
1 1 1 1 0 1 2 0.,56
1 I 1 1 0 0 3 0 .,81
1 I 1 0 1 1 4 1 ,,06
1 1 1 0 1 0 5 1., 31
1 I 1 0 0 1 6 1,.56
1 1 1 0 0 0 7 1.,81
1 1 0 1 1 1 8 2,,06
1 1 0 1 1 0 9 2., 31
1 1 0 I 0 1 10 2., 56
I 1 0 1 0 0 11 2.,81
1 1 0 0 1 1 12 3.,06
I 1 0 0 1 0 13 3..31
1 1 0 0 0 1 14 3..56
1 1 0 0 0 0 15 3..31
1 0 1 1 1 1 16 4..06
I 0 1 I I 0 17 4..31
I 0 1 1 0 1 18 4 .. 56
1 0 1 1 0 0 19 4..81
1 0 1 0 I 1 20 5 ,.06
1 0 0 1 0 21 5..31
1 0 1 0 0 1 22 5,.56
1 0 1 0 0 0 23 5 .,81
I 0 0 1 1 1 24 6 ,,06
1 0 0 1 1 0 25 6..31
1 0 0 1 0 1 26 6 ,. 56
1 0 0 1 0 0 27 6..81
I 0 0 0 I 1 28 7,.06
1 0 0 0 1 0 29 7,.31
1 0 0 0 0 1 30 7,.56
1 0 0 0 0 0 31 7,.81
0 1 1 1 1 I 32 3..04
0 1 1 I 1 0 33 8 ,.29
0 1 I I 0 1 34 8,. 54
0 1 1 1 0 0 35 3..79
0 1 1 0 1 I 36 9,.04
0 I 1 0 ] 0 37 9,.29
0 I 1 0 0 1 38 9,.54
0 1 1 0 0 0 39 9,.79
0 1 0 1 1 1 40 10,.04
0 1 0 1 1 0 41 10,.28
0 1 0 1 0 1 42 10 ,.52
0 1 0 1 0 0 43 10,.77
0 1 0 0 I 1 44 11..02
0 1 0 0 1 0 45 11,.27
0 1 0 0 0 1 46 11,.52
0 1 0 0 0 0 47 11.,77
0 0 1 1 1 1 48 12..03
0 0 1 1 1 0 49 12..28
0 0 1 1 0 1 50 12,.53
0 0 1 1 0 0 51 12..77
0 0 1 0 1 1 52 13,.02
0 0 1 0 1 0 53 13..27
0 0 1 0 0 I 54 13,.52
0 0 1 0 0 0 55 13,.71
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OPTICAL SENSOR OUTPUT CHARACTERISTIC
TABLE 3.3
POSITION LINE VOLTAGE POSITION LINE VOLTAGE




















































































































































































Fig. 3.10 OPTICAL SENSOR OUTPUT CHARACTERISTICS
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CHAPTER FOUR
(The Comparator, The Compensator, The Preamplifier)
4.1: INTRODUCTION
In Chapter Two it was seen that the plant
is unstable. This means that the ball will always
fall down or be totally attracted to the magnet de-
pending on the ball position. But the purpose of
this project is to stabilize the system and so be
able to levitate the ball. Hence a controller
unit is required for the set-up. Of course the
signal entering the controller (compensator) in-
puts originates from the subtractor outputs. And
because the RC analog controller attenuates the
signal at low frequencies, the need for a pre-
amplifier arises.
In the following sections the design of
the Comparator (subt.ractor) , the analog controller
and the pre-amplifier are presented. The type of
controller designed is the Proportional plus de-




4.2 THE SUBTRACTOR (COMPARATOR) OR DIFFERENCE
AMPLIFIER
The signal coming from the optical system
output is compared with a fixed reference voltage
and the error is transmitted to the controller
(compensator). The circuit that performs this
comparison is called the Subtractor or Comparator.
The diagram of this circuit is shown in Fig. 4.1.
The input signals V and V (Reference and sensor
voltages, respectively) are applied at the same
time to the amplifier (LM 741) input terminals.
It must be noted that since what is required at
its output is the difference, (V -V ), and not
S R
K(V -v ) where K is a gain factor greater than
S R
one, the resistors used are all equal to IK.
This unit is said to have an infinite input
impedance and zero output impedance. Its trans-
fer function (V (s)/V. (s)) is unity. Thus this
circuit can be said to play the role of a high im-
pedance buffer between the high-level transducer
(optical system) and the load (coil resistance).
It must also be mentioned that the use of
capacitors to filter off the noise signals greatly
improved the waveforms as seen on the scope
Fig. 4.1: THE SUBTRACTOR
An interesting practical point here is the
effect of changing the voltage reference level on
the equilibrium position of the ball. It is ob-
served that a change in V also changes the equi-
librium position of the ball. In the work done,
the value of V was closely monitored on a digital
R
multimeter. = (7.11 + 0.22) volts.
4.3.1 THE ANALOG CONTROLLER (COMPENSATOR)
Fig. 4.2: THE COMPENSATOR NETWORK (PHASE-LEAD)
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The transfer function of the network shown in Fig.




where a is defined by
In the frequency domain, equation 4.1(b) can be
rewritten as
(4.2)
A useful insight can be gained by closely examining
equation 4.2 further: Three cases arise here:















































This represents the situation at low fre-
quencies. At low frequencies the capacitor, C is
an open circuit and the network serves as a volt-
age divider giving an output voltage equal to ax (input)
This means that at low frequencies the signal is
attenuated.
CASE (b) If co » 1/T
G ( j co) ~ 1
c J
This case represents the situation at high fre-
quencies .
CASE (c) If w>>
a





(joo) a jw . T « saR-^C
Case (c) represents the mid-frequency range. The
expression indicates a differentiation operation.
This network therefore differentiates. It could
therefore be said that the network of Fig. 4.2
provides the proportional plus the derivative feed-
back control required for the stabilization.
From equation 4.1(b), this compensator
introduces a real zero at s =
a
/T and a real pole
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at s = ■*■/T. By choosing a sufficiently small,
this zero can be placed in the region left of the
origin. The zero position chosen will depend on
the loop gain. From Fig. 4.3, it would seem that
the zero to be introduced should be able to pull
the troublesome pole on the RHP over to the left
and leave the system stable.
The Root Locus method is used in the de-
sign of this compensator. The Root Locus idea is
to push the compensator pole so far to the left
that it has no appreciable effect on the important
portion of the Root Locus plot. This ensures
that the zero of this network dominates the pole
and the angle of (jco) will then be positive -
the output leads the input. The plot of Fig. 4.3
shows that the plant (uncompensated) is always
unstable.













Fig. 4.3: THE ROOT LOCUS PLOT OF THE UNCOMPENSATED
PLANT

















Equation 4.4(a) can be rewritten in the form
(4.4 (b))
The value of a picked is 0.1. Values of
A from 1 to 44 were tried and the circuit compon-
ents computed. When A = 10, reasonable component
values were obtained.
Alternative 1: Pick = IK
Then = 9K
C = 11.1yF
Alternative 2: Pick R 2 =IK
R 1 = 10K
C = 10 yF
Alternative 3: Pick R 2 = 10K
= B
a
So when A = 10




- ■ = 10 (ie a = 0.1)
R 2
HSnCe R 1 ~ 9R 2 l (4,5)
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R 1 = 100K
C = 1 pF
The second alternative had more promise
than the others. This, however, did not give the
margin of stability required. It seems this al-
ternative put the plant into a conditional sta-
bility .
Next, the following values are used in
computing the circuit parameters:
The circuit elements are as follows
These values are tried and found to be suitable.
The transfer function of the compensator therefore
is given by:
(4.6)
The plant was found to be in a stable oscillation.
It is always easier to get the ball into this e-
A = 50
B = 550
R 2 = IK








quilibrium position any time.
However, there was one mechanical problem
encountered. This had to do with the support of
the coil. If by chance the coil axis moves, the
equilibrium position, which is measured from the
free end of the magnet core, changes. A firm
support for the coil is recommended. This will
save a lot of effort and time.
4.4 THE PRE-AMPLIFIER
In Section 4.3.2, it was seen that the
compensator attenuates the signal at low frequen-
cies by a factor of 0.1. To raise the level, a
pre-amplifier is required before the signal goes
to the next amplifier. The simple circuit used
for the pre-amplification is shown in Fig. 4.4.
This preamplification is also necessary for ob-
taining the correct loop gain for the stabilization
Fig. 4.4: THE PRE-AMPLIFIER
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The closed loop gain of this amplifier is given by
The closed Loop Bandwidth
(For 741-type Ic, the unit gain frequency is IMHz.















In the last four chapters effort was concen-
trated on designing the sub-units and units that
make up this system. Now that the system is designed
it is a good time to measure the characteristics of
some of the key sub-units and to compare the experi-
mental results with the theoretical. In this way,
a conclusion can be drawn as to how successful we
have been in achieving our desired objective.
In the following sections the compensator
characteristics are investigated, so also is its
Bode Plot. The Bode plots of the compensated Plant,
are presented. The Root locus plots for the system -
uncompensated and compensated are discussed. The sim-
ulation of the system on the computer is also shown.
5.2 FREQUENCY MEASUREMENTS ON COMPENSATOR
A sine wave generator is used to feed a
signal through the compensator network. The input
46
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and output signals are measured. The quantity,
20LOG[OUTPUT/INPUT] is computed and plotted against
10
the log (frequency). Table 5.1 contains the mea-
sured data. Fig. 5.1 shows the plot. An examina-
tion of Fig. 5.1 shows the following features: (1)
a horizontal portion: This represents the very low
frequencies. At low frequencies, the capacitor be-
comes an open circuit and the output is a fraction,
R 2
of the input, and (ii) The plot approaches
**
0 dB level as the frequency increases.
5.3 BODE PLOT OF THE COMPENSATOR
The transfer function of the compensator
designed is shown to be (Ref. eqs. 4.6)
_ / x
s + 50
/-. / • \ jco + 5 0G
c
(s) = 0R G
C
(3U) = i STO
The Bode plot of this compensator is shown in Fig.
5.2. This has a maximum phase angle, d> of about
60°. As is clearly shown in Fig. 5.2, the compen-














1 6.2831 0.800 0.080 20.000
2 12.5664 0.800 0.080 - 20.000
3 18.8496 0.300 0.080 - 20.000
4 25.1327 0.800 0.080 - 20.000
5 31.4159 0.800 0.032 - 19.800
6 37.6991 0.300 0.085 - 19.500
7 43.9823 0.300 0.088 - 19.200
3 50.2655 V 0.095 - 18.500
10 62.8319 0.856 0.104 - 13.308
11 69.1150 0.353 0.123 - 16.372
12 75.3982 0.868 0.138 - 15.362
13 31.6814 0.867 0.146 - 15.473
14 87.9646 0.868 0.156 - 14.907
15 94.2473 0.863 0.172 - 14.059
16 100.5309 0.869 0.174 - 13.969
17 106.31415 0.863 0.135 - 13.427
18 113.0973 0.368 6.193 - 13.059
19 119.3805 0.363 0.201 - 12.706
20 125.6637 0.367 0.218 - 11.991
25 157.0796 0.866 0.256 - 10.586
30 188.4956 0.370 0.303 - 9.161
40 251.3274 0.364 .381 - 7.111
50 314.1593 0.362 .438 - 5.381
60 376.9911 0.888 .524 - 4.582
70 439.3229 0.357 .544 - 3.943
30 502.6548 0.355 .585 - 3.296
90 565.4867 0.852 .619 - 2.775
100 628.3185 0.351 .647 - 2.381
110 691.15038 0.849 .571 - 2.044
120 753.9822 0.847 .691 - 1.768
130 816.8141 0.346 .708 - 1.547
140 379.6459 0.845 .721 - 1.378
150 942.4778 0.844 .732 - 1.231
160 1005.3096 0.843 .742 - 1.108
170 1063.1415 0.842 .750 - 1.005
180 1130.9734 0.842 .753 - 0.913
190 1193.8052 0.841 .765 - 0.823
200 1256.6371 0.840 .775 - 0.699
300 1384.9556 0.338 .304 - 0.348
400 2513.2741 0.837 .316 - 0.221
500 3141.5927 0.836 .822 - 0.146
600 3769.9112 .835 .325 - 0.104
700 4398.2297 .335 .827 - 0.083
800 5026.5482 .835 .329 - 0.063
900 5654.3663 .834 .829 - 0.057
1000 6283.1853 .334 .330 - 0.042
1200 7539.3224 .833 .330 - 0.031
1500 9424.773 .831 .823 - 0.026
1600 10053.096 .330 .828 - 0.021
2000 12566.371 .327 .826 - 0.011
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Fig. 5.1 FREQUENCY RESPONSE OF COMPENSATOR NETWORK
(EXPERIMENTAL)
50
Fig. 5.2 BODE PLOT OF THE COMPENSATOR (THEORETICAL)
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5.5 ROOT LOCUS PLOTS:
The root locus plots of the uncompensated
and compensated plant are shown in Figures 5.3.1 and
5.3.2. A striking difference between the two plots
is that for the uncompensated, two branches of the
Root Locus plot are wholly in the right-half plane
(2 unstable closed loop poles) whereas for the com-
pensated, a good proportion of these branches are in
the Left-half-plane. The compensated plant is con-
ditionally stable.
FIG. 5.3.1: ROOT LOCUS PLOT (UNCOMPENSATED)
FIG. 5.3.2: ROOT LOCUS PLOT (COMPENSATED)
5.6: COMPUTER SIMULATION OF MODELED SYSTEM
5.6.1 EQUATIONS DERIVED FOR SYSTEM
1. E(K) = VS(K) -VR : ERROR SIGNAL
2. L(XO+XI(K) ) = Loe
199 ( xo +xl (K) )
+LI . INDUCTANCE
EQUATION
3. F (XO-t-Xl (K) ) = 1.54 e 199 (xo+Xl (K) ) (i o +l (K) )2 :
FORCE
EQUATION
3. X1(K+1) = XI(K)+X2(K)-DEL: DISPLACEMENT EQUATION
USING EULERS ALGORITHM
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5. I (K+l) = [ (Io+I(K) ) x(L(K)-DELxR)+VC(K)xDEL]/
L (K+l)-Io: CURRENT EQUATION
6. VAI(K+I)=VAI(K) x( l-550xDEL)+K3[ (E(K+l)-
E(K) ]+SOxDELxE(K) ] : VOLTAGE EQUATION
AT INPUT OF PRE-
AMPLIFIER
7. VA2(K) = VAI(K)•KP: voltage eq. input to big
amplifier
8. Vc(K)=VA2(K)-KA+Vo-KA: VOLTAGE TO COIL
FIG. 5.4 SCHEMATIC DIAGRAM OF THE SET-UP
KP = PRE-AMPLIFIER GAIN
KA = SECOND AMPLIFIER GAIN
DEL = INTEGRATION STEP
E = ERROR SIGNAL
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The computer plot of displacement/time is shown in
Fig. 5.5.1 (V = 7.11v). The equilibrium position is
2.50 cm. The system is in a stable oscillation as
the plot shows.
FIG. 5.5.1 DISPLACEMENT/TIME (V_ =7.11 VOLTS)
R





In this section an attempt is made to estimate
the actual motion of the levitated ball from the meas-
ured voltage waveform across a 10.5 ohm resistor in
series with the coil while the ball is levitated. The
following analyses are presented below:
(a) Estimate of the maximum peak-to-peak
amplitude of oscillation of the coil
current when the ball is levitated.
(b) The variation of the net-force acting
on the ball during levitation.
(c) The frequency of oscillation of the lev
itated ball.
(d) Estimate of the maximum peak-to-peak
amplitude of the steady-state oscilla-
tion of the steel ball.
The voltage waveform taken across a 10.5 ohm resistor
while the ball is being levitated is shown in Fig. 5.6
5.7.1 DERIVATION OF EQUATIONS
The relevant equations for describing the
dynamics of the ball are as follows:
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FORCE OF ATTRACTION OF COIL MAGNET:
Since there is a d c level of current, I and there
is also an error current superimposed on this d c
level, it is important to note that use is made only
of the error current.
In other words,
where I"(t) is the error current, and I(t) is the
current at any time.
is a constant whose value is determined below. In
the computer program {of Appendix II), I"(t) is denoted
by PlX(t).
WEIGHT OF BALL:
At steady-state, the average value of F (t)
is equal to the weight of the ball, W so that
F (t) = W(0.0981 Newtons or 10 gm mass) 5.3



















= w/r (t > 2
57
NET-FORCE ON BALL:
The net-force on the ball is denoted by
FT(t), where
5.5
And by Newtons Law,
5.6(a)
Mis mass of ball. X"denotes the incremental displace-
ment of the ball. The term is artificially
introduced to damp the oscillation.
Equation 5.6(a) can now be rewritten as
In the computer program (cf Appendix II), the quantity
B 1
—— is denoted by , so that the damping coefficient,
equals M times .
VELOCITY AND DISPLACEMENT:
If equation 5.6(b) is integrated once, we
have
FT (t) = F
c
(t) - W

















l/m y^l'(t) 2 -I'(t) 2 ) dt~yb(t) dt 5.7
and inegrating equation 5.7 we have
X"(t) = fX' (t)dt 5.8
For purposes of digitizing, the discrete equiv-
alents of equations 5.7 and 5.8 are given below in 5.7(b)
and 5.8(b), respectively:
5.7(b)
K = 0,1,. ..N ; N is number of sample points.
5.8(b)
5.7.2 MEASUREMENTS FROM FIG. 5.6:
The work done here involves measurements taken
from the waveform shown in Fig. 5.6. Discrete volt-
ages are measured at closely selected vital points on the
waveform. These voltages are then converted to currents
by dividing by 10.5 (the value of the resistance across
which the waveform of fig. 5.6 was taken). These values
are tabulated vis-a-vis the corresponding intervals of
time in table 5.2. Interpolation between the points is






X" (I<) =—• Z^l'(K) 2-I'(K) Z j-AT -AT
K
X"(K) = X] X" (K) -AT
0
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FIG. 5.6 VOLTAGE WAVEFORM ACROSS A 10.5 OHM
RESISTOR
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Table 5.2 MEASUREMENTS FROM FIG. 5.6















5.7.3 PEAK-TO-PEAK AMPLITUDE OF OSCILLATION OF COIL
CURRENT
Fig. 5.7 is a computer plot of the error
current versus time. From this plot, the peak-to-peak
amplitude of oscillation of the coil current is about
0.43 amps. The current in the coil can be said to be
(1.516 + 0.215) amps.
Fig. 5.7 ERROR CURRENT/TIME PLOT
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5.7.4 VARIATION OF NET-FORCE ON BALL
The computer plots of the net-force versus
time for sampling coefficients of 0.2, 0.09, 0.05
and 0.02 are shown in Figs. 5.8 through 5.11.
From these plots, it can be estimated that the net-
force on the levitated ball is about 0.24 Newton
peak-to-peak.
FIG. 5.8 NET-FORCE VS TIME DAMPING COEFFICIENT
= 0.2
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FIG. 5.9 NET-FORCE VS TIME: DAMPING
COEFFICIENT = 0.09
FIG. 5.10 NET-FORCE VS TIME: DAMPING
COEFFICIENT =0.05




5.7.5 THE FREQUENCY OF OSCILLATION OF LEVITATED
BALL
Reference is made to Fig. 5.6 which shows
the voltage waveform taken across a 10.5 ohm resis-
tor in series with the coil while the ball is being
levitated. From this figure, the period, T, for one
cycle is approximately 0.088 sec. Hence, the fre-
quency of oscillation, f, of the levitated ball is
given by f = = 11.364 Hz. The levitated ball os-
cillates at a frequency of about 11 hertz.
5.7.6 ESTIMATING THE AMPLITUDE OF THE STEADY-STATE
OSCILLATION OF BALL
The computer plots of the ball displacement
against time for damping coefficients of 0.2, 0.09,
0.05, and 0.02 are shown in Figures 5.12 through 5.15
From each of these plots, it is seen that for the
steady-state oscillations, the amplitude of oscilla-
tion is each equal to about 0.45 cm. It can there-
fore be estimated that the amplitude of the ball os-
cillation in the experimental system is about 0.45 cm
peak-to-peak.
FIG. 5.12 DISPLACEMENT VS TIME: DAMPING
COEFFICIENT =0.2
FIG. 5.13 DISPLACEMENT VS TIME: DAMPING
COEFFICIENT = 0.09
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FIG. 5.14 DISPLACEMENT VS TIME: DAMPING
COEFFICIENT =0.05




5.7.7 SUMMARY OF RESULTS
From the analysis of the experimental re-
sults, it can be said that the coil current is (1.56 +
0.215) amps. The net-force on the levitated ball is
0.24 NT peak-to-peak. The levitated ball oscillates
at a frequency of about 11 hertz and has a peak-to-peak
amplitude of steady state oscillation of about 0.45 cm.
FIG. 5.16 PICTURE OF LEVITATED BALL
CHAPTER SIX
CONCLUSION
The objective of this project is to levitate
the steel ball with a magnetic field. An analog con-
troller is used. The system is completely designed
and constructed. The system works. The computer
simulation is an added proof of the workability of
the system. The steel ball executes small stable
oscillations about an equilibrium position. This
is because the sensor is digital and outputs discrete
signals.
The conclusion here is that the levitation
of the steel ball is achieved. The system works and
the ball can be put in the air anytime! The equi-
librium position chosen is 1.6 cm and the equilibrium
current is 1.23A. Of course it was mentioned in
Chapter Four that the equilibrium position of the ball
depends on the voltage reference (set-point). For the
set-point 7.11 volts, the ball (10 gm mass) oscillates
about an equilibrium point of approximately 2.5 cm
from the magnet. The influence of the variation of
the set-point, V is seen by comparing figures 5.5.1
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and 5.5.2 where is 7.11 volts and 6.89 volts,
R
respectively. With 7.11 volts the equilibrium posi-
tion is farther away from the magnet than the position
with 6.89 volts. From the experimental results of
section 5.7, the ball oscillates at a frequency of a-
bout 11 Hz and the peak-to-peak amplitude of oscillation
of the ball is 0.45 cm. The current in the coil is
about (1.516 + 0.215) amps. The net force acting on
the ball is about 0.12 NT (0.24 NT-peak-to-peak).
In concluding this chapter, the following suggestions for
improving the system are made:
Designing a coil with a core having a wider di-
ameter than the presently used 3/16" will provide a wider
spectrum of flux lines in the path of the oscillating
ball. Small deviations from its vertical movements can
then be ignored.
Since the system is intended for use as a lab-
oratory experiment for undergraduates (designing the
analog compensator), it is recommended that the compen-
sator be a detachable unit which can easily be plugged
into the rest of the circuit.
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Finally, if the whole system is to be redone
in the future it is recommended that a better device
be found for measuring the small distances and forces
involved in obtaining the model for the magnetic
force versus current and displacement of the ball
from the tip of the core. In the present experiment,
an ordinary ruler was used and the force estimates
were dependent on the subjective estimate of when the
ball is about to be picked up by the magnet.
APPENDIX I
V£RS 4.9 os, UfNOb PROGRAM FOR FIG. 5 . 5 . 1“5 . 5 . 2 uTEO 3.88 ,8.,,..,3
S9OCS4H Th€3IS(INPUT,OUTPUT,CAT A,TiP€2«OiTi)
ao6irf7Sd 2. DIMENSION rtC1,25),Y2(2#25)#vi(1,24>,V2C2#24)
0060750 i. l,w,La,*P,*A,x3,l o #li,U
00607Sd <*, OATACYKi, J), J*i,25)/, 45,. 55,. 65,. 75.. 43, i. # 1,1,1,17,1,25,1*3,
11,4,1,5,i'6#it 7,1'75»1«d5,1,92,2,3,2,1,2,15,2,25*2«4'2«5,2«6,2*7/
000075 d 5. 0ATA(Y2(2,J3,J»1,25)/2»75,2,65»2,55,2,95,2,35,2,22,2,i2,
12.32.2.. 1.5.1.7.1.65.1.55.1.35.1.4.1.25.1.2.1.1.1.,








0060750 9. 9£*lNo 2
0063340 Id. QbL*•3005
006334(3 11, VA 18 0.














0003650 26. L*.ols47*exP<-199, •<*«♦*!) 1*>,29
0003750 27. I*< Io*(Lo*Oe',«9)»<r3*9*O£t.l J/L-I2
0064040 20, <l*l
0064050 29, K«t
0064060 30, 11 0* (XO*XU • 100,
0069110 31, 00 33 J*1,24
006413 a 32. IF(O.OE,Yt(I, J) ,ANO,O,L£,T I C I ,JM}} GO TO 25
■fHoßiia 3i. iF<o.L£.r2(2,j),iNO.o,sE.rJU.J*t)) so to oa
8090219 30. ja continue
0050319 35. 25 V3lavi(l,j)
0090339 30. j 0 53
0090359 37, aa 731042(2,8)
ao#N3«d i«, sa Ei*»st-;,n
Na94«lb 34. r«,LO9TJN-lj.oet







889512a 07, 11>Cllo*I) »a-0£l"« ) .vC.OEL)/LI •1 1
J895229 09, 1F(<1,£3.0) SO TO 139099208 09, «51TE<2,17),7,0,L,1
9895309 58, 17 Fo»H*T«,ori2.7)
9895309 51, <llB
THCSJS
V6RJ 0,9 oof JffNOa
JT2O 9908 18,19, »3.
9895309 52. SO TO 10
9095358 53, 13 <l*l
9895390 50. 14 1f<K,£5.9088) SO TO 12
989508 a 55. < a< «1
9095028 59. vJ.vJi
9095039 57. r«£l





9095539 53. SO TO u





PROGRAM FOR FIGS. 5.7 THROUGH 5.15
E»S 4,6 WNr I**o4 IJT3O
PBOSSAH N*E“ (INPUT,OUTPUT,OAT»,TAPE 2*OATA)
*068758 2, OIHEN3ION tx(2*),Tx(2*),u(l*2»l,P!*(l*oo),a(l*2*),
iP“<ie2*),PT{i*2»),x(l*2*),7llo2*)





808*738 8, REWIND 2




8241238 18. 00 88 I*l,N
*241278 11. 88 T(LI*OEL.PLO*T(L-1)
c** inteppcl*t:on between the points is oowe we»e ••••
*241338 12. J»1
*2413*8 13. 00 31 1*1,4
*241388 14. 80 IP(T(J).ST,rx<t.l>) 80 TO 31
*2*l*2B 13. U(Jl*lxm»<T<3).TX(n)*(lX<l«l )-IX(I>)7(TX(I*I)«TX(I))
82*1328 18, J»J*l
*2*1538 17. IP(J.NE.N.I) SO TO ««
*2*1338 14. 31 CONTINUE
*2*1600 14, Ol«0,
*241608 20, 00 12 J»t,N-l
*241448 21. 12 01»01*u(J)40EU
*241708 22. OCI*O!/T0
*2*1713 23. P»INT 88,OCX
0241773 24, 88 E0»»»T(///,x,E!*,6>
02*1773 23, !■*,
*2*1778 28, DO 3 J4I.N-1
*2*2*3o 27, PtXU)tU(J).I,3I6
*242048 2*. 3 Z»2.(P1X(J)..2).0EL
*2*2108 24, C* 277*
»2«2118 30. »«INT 22,C
02«2178 31, 22 EO*W*7{//,X,E10.6>
*2*2178 32, 34,01 -
*2*2170 33, 82*2,















*242570 48, IPtJ.NE.NI) SO TO 40
*242618 44, w»ITEt2,I*),T(J),X(J),PTIJ),PIX(J),u(JJ,PH(J),OE
*2*3038 30, Nt*»l«43
*2*3o*B 31. 40 CONTINUE
*243870 52. x(I)*X(N-u
<E»
£*B 4,8 "WE I**o4 UT ,„
*243108 53. TH)«T(N.I)
82*3128 s*. DO T I*2,N
82*3148 55, TfII*T(I*I)*OEL
8243140 56, 7 CONTINUE
*2*3208 57, U*U«l
"2*3218 58, IPIL.LT.6OI SO T 0 6
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Fig. 5.17 SCHEMATIC DIAGRAM OF MAGNETIC LEVITATION DEVICE
The vita has been removed from the digitized version of this document.
